Abstract Sustainable methods of clean fuel production are needed in the face of depleting oil reserves and to reduce carbon dioxide emissions. The technology of fuel cells for electricity production or the transport sector is already developed. However, a key missing element is a large-scale economical method of hydrogen production. The Cu-Cl thermochemical cycle is a promising thermochemical cycle to produce hydrogen. This paper focuses on a copper-chlorine (Cu-Cl) cycle and solar hydrogen production technology and describes the models how to calculate thermodynamic and transport properties. This paper discusses the mathematical model for computing the thermodynamic properties for pure substances and their mixtures such as CuCl in the solid phase with an aid of statistical thermodynamics and kinetic theory. The developed mathematical model takes into account vibrations of atoms in molecules and intermolecular forces. This mathematical model can be used for the calculation of thermodynamic properties of polyatomic crystals on the basis of the Einstein and Debye equations. We developed the model in the lowtemperature and high-temperature region. All analytical data are compared with experimental results, and these show good agreement. For the transport properties, we have used kinetic theory. For fluid phase, we have calculated viscosity and thermal conductivity on the basis of the Chung-LeeStarling kinetic model; for the solid phase, we have developed a model for calculations of thermal conductivity on the basis of electron and phonon contributions.
Thermochemical hydrogen production cycle
Rather than deriving hydrogen from fossil fuels, a promising alternative is the thermochemical decomposition of water. Electrolysis is a proven, commercial technology that separates water into hydrogen and oxygen using electricity. Net electrolysis efficiencies (including both electricity and hydrogen generation) are typically about 24 %. In contrast, thermochemical cycles to produce hydrogen promise heat-to-hydrogen efficiencies up to approximately 50 %. This article examines the thermophysical properties of a specific cycle called the copper-chlorine (Cu-Cl) cycle, with particular relevance to nuclear-produced hydrogen. Some important components attended in Cu-Cl cycle are shown in Tables 1 and 2 . A conceptual schematic of the Cu-Cl cycle is shown in Fig. 1 .
In the Cu-Cl cycle, water is decomposed into hydrogen and oxygen through intermediate Cu-Cl compounds [1, 2] . Nuclear-based ''water splitting'' requires an intermediate heat exchanger between the nuclear reactor and hydrogen plant, which transfers heat from the reactor coolant to the thermochemical cycle. An intermediate loop prevents exposure to radiation from the reactor coolant in the hydrogen plant, as well as corrosive fluids in the thermochemical cycle entering the nuclear plant.
Solar hydrogen production
A significant advantage of using nuclear thermal energy to satisfy the heat requirement of thermochemical water splitting cycles is the higher energy intensity of nuclear energy per unit land area than that of solar energy. However, most currently existing thermochemical hydrogen production cycles require a temperature of higher than 500°C [3] [4] [5] [6] [7] [8] [9] [10] , which cannot be satisfied by current largescale nuclear reactors, although potentially can be satisfied by future generation nuclear reactors (i.e., Gen-IV reactors) [11, 12] . Table 3 lists some typical hybrid fully thermal and thermal chemical hydrogen production cycles other than the aforementioned Cu-Cl cycle. It can be observed that the temperature requirements of some cycles are even higher than that can be provided by Gen-IV reactors. Therefore, using high-temperature solar thermal energy that is obtained from concentrated solar irradiance has become another promising option.
In recent years, two-step water splitting cycles based on metal redox reactions are becoming attractive because each of these types of cycles consists of only two steps [12, 13] : an endothermic reduction reaction where oxygen is produced from a metal oxide (M x O y ? M x O y-1 ? O 2 ), and a hydrolysis reaction where hydrogen is produced (M x O y-1 ? H 2 O ? M x O y ? H 2 ). In the two reactions, M denotes a metal, e.g., zinc [14] , and the subscripts x and y denote the numbers of the metal and oxygen atoms in a metal oxide molecule. The temperature for the oxygen production reaction is usually in the range of 1500-2500°C, which cannot be satisfied by Gen-IV reactors, but can be met by concentrated high-temperature solar thermal energy.
Although solar thermal energy can overcome the hightemperature requirement challenge of thermochemical cycles, there are still many other challenges related to the high temperature. As illustrated in Table 1 , the separations Thermodynamic and transport properties of fluids and solids in a Cu-Cl solar hydrogen cycle 963 of hydrogen from steam, oxygen from sulfur dioxide, and chlorine from oxygen gas, all operate at a high temperature.
To provide an efficient separation, the thermodynamic transport properties must be known for high temperatures. In addition, to provide an efficient heat transfer, the heat transfer properties of the reactants and products must be known as well.
Compared with other thermochemical hydrogen production cycles, the Cu-Cl cycle has a unique advantage of using solar thermal energy. The cycle has a molten salt intermediate product of CuCl, which could either serve as heat transfer fluid or concentrated solar thermal energy storage medium. This paper will study the modeling of such properties for CuCl at high temperatures. It is expected the modeling would significantly facilitate the design and operation of both nuclear and solar-based CuCl cycle.
Thermodynamic and transport properties of state
Accurate knowledge of transport properties of substances is essential for the optimum design of the different items of chemical process plants, for determination of intermolecular potential energy functions and for development of accurate theories of transport properties in dense fluids. The theoretical description of these phenomena constitutes that part of nonequilibrium statistical mechanics that is known as kinetic theory.
Thermophysical properties of fluids and solids in the processes will be calculated by the Chung-Lee-Starling model (CLS) [15] [16] [17] [18] [19] [20] [21] [22] . Equations for the viscosity and the thermal conductivity are developed based on kinetic gas theories and correlated with the experimental data. The low-pressure transport properties are extended to fluids at high densities by introducing empirically correlated, density-dependent functions. These correlations use an acentric factor x, dimensionless reduced dipole moment l r and an empirically determined association parameter to characterize molecular structure effects of polyatomic molecules j, the polar effect and the hydrogen bonding effect.
The dilute gas dynamic viscosity for CLS model is written as [2, 3, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] :
The M in Eq. 1 represents molar mass, X 2;2 ð Þ Ã transport collision integral and r Lennard-Jones parameter. The factor F c has been empirically found to be:
For dense fluids, Eq. (2) is extended to account for the effects of temperature and pressure by developing an empirically correlated function of density and temperature as shown below [2, 3, [18] [19] [20] [21] [22] [23] :
The e in Eq. 5 represents Lennard-Jones parameter and k Boltzmann constant. The constants A 1 -A 10 are linear functions of acentric factor, reduced dipole moment and the association factor:
where the coefficients a 0 , a 1 , a 2 and a 3 are presented in Table 4 . The same approach was employed to develop an expression for thermal conductivity:
where:
The thermal conductivity in the region of dilute gases for CLS model is written as:
where w represents the influence of polyatomic energy contributions to the thermal conductivity. We used the Taxman theory [2, 3, [22] [23] [24] which solved the problem of influence of internal degrees of freedom on the basis of WCUB theory [8] and the approximations given by Mason and Moschick [22] . The presented expression is more accurate than the Eucken correction, and the equation is supported with theory. The final expression for the influence of internal degrees of freedom is represented as:
where C Ã int is the reduced internal heat capacity at constant volume, b is diffusion term and Z coll is the collision number, and is defined as the number of collisions required to interchange a quantum of internal energy with translational energy. In the presented paper, we used the correlation of Z coll developed by Chung et al. [8] :
The heat capacities of ideal gases are calculated by use of statistical thermodynamics. The paper features all important contributions (translation, rotation, internal rotation, vibration, intermolecular potential energy and influence of electron and nuclei excitation). The transport term b is used to obtain the ratio between viscosity and the product between self-diffusivity at dilute gas conditions and density and shear viscosity. In our case, we have used the correlation function obtained on the basis of the Pitzer acentric factor x:
The residual part k p to the thermal conductivity can be represented with the following equation
where k p is in W mK -1 .
The constants B 1 -B 7 are linear functions of acentric factor, reduced dipole moment and the association factor:
where the coefficients b 0 , b 1 , b 2 and b 3 are presented in Table 5 .
Results and discussion
In this section, the results of the thermodynamic property evaluations will be performed over a range of temperatures. Based on the three forms of CuCl identified by Mathias [24] , a step change in predicted enthalpy can be observed in the literature [24] [25] [26] [27] [28] [29] . All three forms of CuCl were studied to determine the thermodynamically preferred form. In Fig. 2 , the predicted enthalpy of CuCl in the liquid and gas regions is shown. A step change is observed at the phase transition point. Additional results of entropy at varying temperatures are shown in Fig. 3 . In the previous results, the calculations of thermodynamic properties for solids are determined based on the following Shomate equation: Using Shomate equation [26] [27] [28] [29] , thermodynamic correlations for the three forms of CuCl can be developed and the results are shown in Figs. 2 and 3 . The values G and H of the other two forms at 25°C are set to obtain the correct enthalpy of transition and continuity in value of G. Figure 4 shows the viscosity for molten CuCl as the comparison between model data published in article [26] . The model for viscosity was developed with statistical thermodynamics and kinetic theory. The volume for molten salt CuCl was developed from the literature [27] . Figure 5 shows the thermal conductivity of molten salt CuCl and the comparison between data published in Ref. [25] , model developed in Ref. [26] and new developed CLS model. The comparison for thermal conductivity shows analytical results where thermal conductivity is around 0.3 W mK 
